A model aimed at calculating the aeration efficiency of a passively aerated biological vertical bed unit is presented. The model allows the calculation of the mass of air that would flow via convection into the vertical bed, therefore enabling the prediction of the maximal capacity of the bed as an aerobic biological reactor. Aeration efficiency, defined as the volume of air that would enter the bottom of the bed as a function of the volume of water that is drained from it, is predicted in the model as a function of the mean particle size of the gravel media, and the diameter and number of the aeration tubes installed. The model was calibrated in the laboratory and verified using results from a pilot scale vertical bed treating secondary municipal wastewater effluents. The principal model equation is:
Introduction
Unsaturated flow filters such as trickling filters ͑TF͒ or vertical constructed wetlands are in use worldwide for the biological treatment of various types of wastewater. Generally, these systems do not require direct energy input for aeration purposes. In TF systems, wastewater is mechanically distributed over the top of the bed and trickles downward through an unsaturated, porous filter media. The filtered wastewater is collected by a system of underdrains connected to a secondary sedimentation tank. The ͑costly͒ underdrain system is designed to allow for adequate convective oxygen supply to the filter resulting from temperature differences between the ambient air and the air inside the porous media. It is generally accepted that both chemical oxygen demand removal rates and investment costs associated with TF systems are comparable to those of other intensive systems such as activated sludge plants.
Vertical constructed wetlands, as opposed to TF, are characterized as "natural" treatment systems and operate with minimal human intervention. As such, they are more appropriate for rural areas, where land cost is low and low maintenance and reliable operation are essential. In vertical flow wetlands, wastewater is applied at the top of the bed and flows through an unsaturated porous media, eventually being collected by perforated pipes at the bottom of the bed ͑who, as opposed to the TF approach, are not connected to the atmosphere͒. The unsaturated flow in the vertical bed allows for at least partial aerobic conditions by oxygen diffusion in both the flow and rest periods. Reported oxygen transfer rates for vertical bed can reach values as high as 30-94 g O 2 /m 2 reactor/d ͑Cooper 1999͒. These values are much higher than typical "extensive" units. However, relative to "intensive" units, land requirement is still very large.
A novel aerobic vertical bed treatment scheme for the removal of biochemical oxygen demand and ammonium from wastewater streams was developed by the writers in recent years. The process combines the advantages of the vertical wetland concept ͑no energy input and therefore low investment and operational costs, low maintenance and high reliability͒ with the high loading rates typically associated with trickling filters. The process is based on a low cost method for convective aeration of vertical beds which does not depend on temperature gradients and their corresponding problems associated with trickling filters. Previous studies focused on ammonia removal by nitrification as a tertiary wastewater treatment ͑Green et al. 1998; Lahav et al. 2001͒ and on the removal of organic matter from municipal wastewater and dairy effluents ͑Admon et al. 2002; Green et al. 2004; Admon et al. 2005͒ .
The passively aerated vertical bed ͑PAVB͒ benefits from the advantages of conventional vertical beds, i.e., low investment and maintenance costs, along with an efficient aeration rate. The unique air supply mechanism is based on convection that results from a fill-and-draw cycle and a particular gravel layers arrangement. The bed comprises of two types of gravel media: a finer upper media, occupying ϳ80% of the bed volume, and a coarser lower media, which occupies the remaining volume.
The process is depicted schematically in Fig. 1 . The system consists of a "passive air pump" driven by a fill and draw hydraulic operation cycle. In the fill stage water accumulates in the lower ͑coarse͒ media layer until it activates a level switch located at a height that matches the top of the coarse media. activates two valves, one at the bottom of the bed ͑Valve 2 in Fig.  1͒ and another at the top of an aeration tube ͑Valve 1͒. During rapid drainage ͑the draw phase͒, each volume of effluent leaving the lower part of the bed is designed to be replaced by an equal volume of fresh air supplied by the aeration pipe. The aeration pipe traverses the porous media connecting between the atmosphere and the lower part of the vertical bed and opens only during the draw phase. At the end of the draw phase, the valve on the top of the aeration pipe closes, trapping oxygen rich air inside the bed. During the fill phase, treated water accumulates in the lower part of the bed, pushing upwards the "trapped" air from the draw phase through the bed out to the atmosphere. This allows for good interaction between the oxygen flowing upwards and the water flowing downwards, maximizing oxygen transfer and utilization while minimizing oxygen losses.
In order to ensure that most of the fresh air is supplied to the lower part of the bed for maximal oxygen utilization, two layers of media are used in the construction of the biological filter. The lower part of the bed contains coarse gravel with a low resistance to airflow as compared to a much finer gravel layer comprising the upper layer. During the rapid draw phase, air replaces the wastewater discharged from the bottom of the reactor. As the resistance to airflow in the lower layer ͑to which the air pipe is connected͒ is significantly smaller than the resistance of the upper layer, the fresh air replacing the drained wastewater flows mainly through the aeration pipe. The aeration of the lower layer is further enhanced as the differences in air resistance between the two layers are increased ͑Lahav et al. Green et al. 1998͒. When the coarse layer is drained ͑the draw phase͒ the fresh air that replaces the discharged water volume can enter the bed through two possible ways: ͑1͒ Via the upper media, thus aerating only the upper ϳ20% of the reactor and ͑2͒ through the aeration pipes. The latter path enables the aeration of the entire volume of the reactor because the air that enters the lower gravel layer is forced to flow upwards through the whole reactor height in order to leave the system. In contrast, air that enters the bed through its upper gravel layer can penetrate only to a depth that is equal to the depth of the passive air pump, i.e., not more than 20% of the reactor's height. Further, the fresh air that enters through the top is quickly displaced ͑along with its relatively high oxygen content͒ from the bed in the next fill cycle and thus can be only partially utilized by the bacteria.
The efficiency of the passive air pump can be defined as the percentage of air that flows into the bottom of the reactor through the air pipe, out of the total flux of air that penetrates the reactor ͑i.e., including the amount that enters through the upper media͒ during effluent discharge.
The amount of air that flows via either path is determined by the proportional resistance to airflow of the upper media relative to that of the aeration pipe ͑assuming that the resistance of the lower coarse layer to air flow is negligible͒. Fig. 2 describes the potential airflow patterns into the bed as a result of the passive air pump operation ͑i.e., during the draw phase͒. A media with fine particles exhibits a greater resistance to airflow. Hence, from an aeration efficiency perspective, finer particles in the upper media are advantageous. In addition, fine particles have a large surfacearea to volume ratio, which enables a large surface area for biomass attachment and a larger interaction area for gas-liquid transfer ͑i.e., higher oxygen transfer rate͒. On the other hand, fine particles are more sensitive to clogging by either suspended solids flowing with the sewage or biomass growth within the pores. Finding the optimal size of the media particles is a key factor to cost-effective operation of PAVB systems.
The current paper focuses on the formulation of a model that is aimed at predicting the aeration efficiency of the passive air pump as a function of the mean particle size of the upper gravel media, and the diameter and geometrical spacing of the aeration tubes. The model can be used for determining both the range of the media particles required, and the appropriate diameter and spac- ing of the aeration pipes. In the following sections a theoretical model is developed and calibrated under lab scale conditions. Thereafter, the accuracy of the model is validated by comparing its prediction with results obtained from a PAVB pilot-scale system used for ammonia removal from secondary effluents.
An important remark: The model developed in this paper aims solely at predicting the "usable" mass of atmospheric air that the passive air pump can provide under various configurations, and it does not cover the process of oxygen transfer from the gas phase into the aqueous phase. Thus, the prediction of the model ͑i.e., the amount of air that is expected to penetrate the bed͒ can only be considered as the maximum available oxygen for the subsequent biological reaction. However, under the logical assumption ͑that is also verified in the paper͒ that the rate of air supply is the limiting process in biological vertical beds, the knowledge regarding the efficiency of the passive air pump is of considerable importance to the design and operation of such systems.
Model Development
Model formulation was based on mathematical expressions originally proposed in the literature to predict flow through porous media. The basic principal of the air pump operation is as follows: During the draw phase the water in the lower media is replaced by air, which can penetrate either via the air pipe or through the upper media. Because the water inflow into the bed is continuous, a small amount of water also enters the lower gravel bed during the duration of the draw phase, reducing the potential volume of air that can enter to the bottom of the bed. This description can be formulated as follows:
where Q w ϭdraw phase average water flow rate ͑m 3 /s͒; Q P ϭair flow rate via the air pipe ͑m 3 /s͒; Q d ϭair flow rate through the upper media ͑m 3 /s͒; and Q inf ϭwater influent flow rate into the reactor ͑which equals the water flow into the lower gravel layer during the draw phase period͒ ͑m 3 /s͒. Given the high rate at which the effluent is drawn out of the reactor, it was assumed, for the sake of simplicity, that Q inf is negligible relative to Q w . Under this assumption Eq. ͑1͒ transforms into
The ratio between the air flow rate through the aeration pipe and the overall draw flow rate was defined as the efficiency of the passive air pump
where E PAVB ϭefficiency of the passive air pump ͑-͒. The air flow rate through the upper media can be expressed by the following term:
where q d ϭflux of air through the porous media ͑m/s͒ and Aϭreactor cross sectional area ͑m 2 ͒. Flux of air through porous media can be expressed by Darcy's law ͑Scheidegger 1974͒
where dP / dzϭgradient of pressure on the porous media ͑Pa/m͒; ϭdynamic viscosity ͑N s/m 2 ͒; and Kϭpermeability of the media ͑m 2 ͒. Assuming a vertical bed with a circular cross section, the air flow rate through the media can be expressed by
where D r ϭdiameter of the vertical bed reactor ͑m͒.
In a similar fashion to Eq. ͑4͒, the air flow rate through the aeration pipe is
where q p ϭflux of air flowing via the air pipe ͑m/s͒ and A p ϭaeration pipe cross-sectional area ͑m 2 ͒. To describe the flow in the aeration pipe an expression for mean laminar velocity in pipes, as a function of the pressure, can be used ͑Glinski and Stepniewski 1985͒
where dp / dzϭpressure gradient on the aeration pipe ͑identical to the gradient of pressure on the porous media͒ ͑Pa m͒. From Eq. ͑8͒ it follows that the flow rate through the aeration pipes ͑for N p pipes, each having a diameter represented by D p ͒ is
where N p ϭnumber of aeration pipes installed in the bed ͑-͒ and D p ϭdiameter of the aeration pipes ͑m͒. Inserting Eqs. ͑6͒ and ͑9͒ into Eq. ͑3͒ gives
Because the pressure gradient ͑dp / dz͒ on both the capillaries in the gravel media and the aeration pipes is identical, Eq. ͑10͒ can be rewritten as follows:
Eq. ͑11͒ shows that for a given gravel media diameter and permeability coefficient, the ratio between the air flow rate through the aeration pipe and through the upper media is primarily determined by the diameter of the aeration pipes relative to the cross-sectional area of the reactor.
Except for the permeability of the upper media ͑K͒, all the parameters in Eq. ͑11͒ are known. In the following sections permeability equations are adopted from the literature and subsequently calibrated, based on laboratory empirical results.
Porous Media Permeability Equations
Multiple terms appear in the literature to describe permeability of porous media as a function of the size and shape of the particles ͑e.g., Scheidegger 1974; Glinski and Stepniewski 1985; Moldrup et al. 1998 . The more simple models are those that describe the porous media as a bundle of capillaries. Such an approach, despite its relevant simplicity, is in many cases sufficiently accurate to determine the overall flow in the media. For the current paper it was decided to use the permeability equations proposed by Scheidegger ͑1974͒. Scheidegger's assumption was that the porous medium consists of a bundle of straight, parallel capillaries. The flow rate through one capillary can thus be given by the Hagen-Poisuille rule ͑Scheidegger 1974͒:
where Qϭair flow rate ͑m 3 s͒ and ␦ϭaverage media particle diameter ͑m͒.
Considering the presence of n capillaries per 1 m 2 of crosssection area of the bed, the flow per unit area ͑flux͒ is ͑Scheideg-ger 1974͒
The same flux can be also expressed by Darcy's law
From Eqs. ͑13͒ and ͑14͒ it follows that:
The total porosity of the bed ͑assuming n capillaries in a 1 m 2 cross-sectional area͒ is
where pϭtotal porosity of the bed ͑-͒. Combining Eqs. ͑15͒ and ͑16͒ yields
where K Sh ϭpermeability coefficient according to Scheidegger ͑m 2 ͒. When Eq. ͑17͒ was compared with empirical data large differences were encountered ͑Scheidegger 1974; Glinski and Stepniewski 1985͒. Therefore, the factor 32 that appears in Eq. ͑17͒ has been commonly replaced by an arbitrary factor T 2 , where T stands for "tortuosity" ͑Scheidegger 1974͒, to yield
where Tϭtortousity ͑-͒. Tortuosity is defined as the ratio between the actual length of the flow path ͑through the capillary͒ and the total length of the porous medium ͑i.e., the height of the reactor͒. The tortuosity is strongly dependent on the shape of the medium particles and on their geometrical arrangement. In the current model the tortuosity was used as an arbitrary factor for calibrating Eq. ͑11͒ using empirical results. In the literature a wide range of values appears for tortuosity. Scheidegger ͑1974͒ suggested values between 1 and 3, but in other publications one can find greater values, up to
A note regarding the use of Eq. ͑18͒: The practical range for porosity values in gravel beds is narrow, typically between 0.38 and 0.45 ͑Lahav et al. Reed et al. 1995͒ , and it does not depend on the average size of the gravel, but rather on its geometrical shape. In the following calculations an average value of p = 0.42 was taken to represent the porosity.
Assessment of the Range of the Main Model Parameters
Clearly, the efficiency of a particular system to convey oxygen into the bed through the mechanism of the passive air pump depends primarily on three factors: The average "diameter" of the upper gravel media, the tortousity value which compensates for both the lack of uniformity in the gravel and the fact that the gravel is in actual fact not spherical, and the overall cross-section area of the aeration pipes ͑i.e., a combination of the number of pipes and their corresponding diameter͒. It is also clear that a particular system would be more efficient if only one aeration pipe is installed, because the ratio between the pipe's crosssection area and wall surface area would be the highest, and friction losses due to flow would be minimized. As the installation of one aeration pipe in a typical bed ͑a module with a total area of 100 m 2 ͒ seems feasible, this approach was used in the following discussion. Fig. 3 shows the passive air pump efficiency results derived from applying Eq. ͑11͒ with two permeability terms ͓Eqs. ͑17͒ and ͑18͒ ͑with T =8͔͒, average particle diameters ranging from 1 to 15 mm, an aeration pipe with an internal diameter of 20 mm, and a 14.2 cm diameter cylindrical reactor with a surface area of 0.0158 m 2 ͑the latter two parameters were adopted from the configuration of the experimental system used for calibration purposes͒. The value T = 8 was chosen in Eq. ͑18͒ to represent a media with a high tortuosity value. Fig. 3 shows, as expected, that for a constant aeration pipe diameter and with both permeability terms used, smaller average particle diameters result in a higher passive air pump efficiency. Regarding the feasible range for the average diameter of the media particles: under the conditions Fig. 3 . Efficiency of the passive air pump as calculated by Eq. ͑11͒ using two permeability values ͑represented by Eqs. ͑17͒ and ͑18͒ with T ͑tortousity͒ϭ8͓-͔͒ as a function of the average particle diameter ͑aeration pipe diameterϭ20 mm; reactor surface areaϭ0.0158 m 2 ͒ tested, Fig. 3 shows a sharp increase in aeration efficiency when the average gravel diameter drops from 10 to 2 mm. Assuming on the one hand that media particles of less than 2 mm would be immediately clogged when secondary effluents are applied ͑Lahav et al. 2001͒, and on the other hand that an aeration efficiency of at least 20-30% is desired, the conclusion of this analysis is that the practical average gravel size range lies roughly between 4 and 10 mm. Note that in this example the ratio of surface cross-section areas between the aeration pipe and the vertical bed reactor is approximately 1-50. This translates into a 1.6 m diameter pipe in a 100 m 2 vertical reactor, which appears like a feasible size. The effect of the diameter of the aeration pipe is discussed further in the section entitled "Results and Discussion."
In Fig. 3 a tortuosity value of T = 8 was used arbitrarily to find the feasible gravel range. However, to calibrate Eq. ͑11͒, the most appropriate tortuosity value should be found, which describes best the typical gravel media used in vertical beds. To do so, experiments were conducted to determine the aeration efficiency of an experimental unit that comprised of various gravel media ͑4 mmϽaverage diameterϽ10 mm͒ and two different aeration pipe diameters. Following the calibration step the results predicted by the model were compared with data attained from the operation of a 0.5 m 3 pilot vertical bed reactor used for the treatment of municipal secondary effluents.
Materials and Methods

Experimental System
To determine the most appropriate T value under typical PAVB conditions a calibration experiment was undertaken in which the amount of air that penetrated through the aeration pipe under various conditions was directly measured. The experimental system comprised of a 6 in. cylindrical reactor ͑internal diameter of 0.142 m͒ with a height of 1.93 m. The lower media occupied the bottom 0.30 m of the reactor, and the upper media ͑the fine media͒ 1.63 m. The aeration pipe was installed from the top of the reactor down to a height of 0.30 m, and connected to the coarse gravel. 0.1 m above the bottom of the reactor an oxygen sampling port and an inlet port for N 2 gas were installed. Oxygen concentration in the gas phase was measured by an ALMEMO FY9600-02 electrode ͑AHLBORN, Germany͒. Oxygen sampling in the gas phase of the reactor was performed by sucking air from the bed using a syringe. Special care was exercised to ensure that the air that was sucked from the reactor represented the genuine gas conditions in the reactor at the point of sampling. The passive aeration efficiency was measured with four different upper media sizes and shapes. The characteristics of the media used in the calibration experiments are listed in Table 1 .
Calibration Experiments
At the start of a calibration experiment the outlet valve and the air pipe valve were closed. The media was flushed with N 2 from the bottom of the reactor until oxygen concentration in the pores dropped to zero. Subsequently, the lower media was filled with water up to the air pipe level ͑0.3 m͒. Next, the valves were opened until all the water was drained from the reactor and then closed again, imitating the fill and draw phases. The oxygen concentration in the gas phase in the pores of the lower media volume was measured immediately after the water was drained.
Results and Discussion
Determination of the Accuracy of the Calibration Method
Operating the PAVB system with a sealed reactor top prevents air from penetrating through the upper media, forcing it to flow only through the aeration pipe. Under such operational conditions the theoretical efficiency of the passive air pipe should be 100%. Measuring the efficiency with a sealed top allowed evaluating the accuracy of the experimental method. The average efficiency value attained with a sealed top was 93% ͑±4 % ͒. 100% efficiency could not be attained, probably because of a gas dispersion effect at the lower part of the reactor, i.e., fresh air might have mixed with N 2 gas that was used to rinse the reactor prior to the experiment. For compensation purposes, all the following measured results were multiplied by a factor of 1.075 ͑100/93͒ to account for this deviation.
Experimental Determination of the Air Pump Efficiency
Laboratory experiments were carried out using two different aeration pipe diameters and different gravel media types. The results of the air pump efficiency are shown in Table 2 . It follows from Eq. ͑11͒ that the diameter of the aeration pipe has a significant effect on the aeration efficiency-the larger the aeration pipe diameter, the higher the efficiency of the passive pump. However, from practical reasons related to the size of the aeration pipe, the cross-section area of the aeration pipe was assumed to be not greater than 1-2% of the total reactor cross-section area assuming a typical 100 m 2 vertical bed module. For this reason, the two aeration pipes that were chosen for the efficiency experiments had a diameter of 16 and 20 mm, corresponding to a ratio of 79 and 50 between the reactor cross-section area and the aeration pipe cross-section area, respectively. 
Calibration of the Model Equation: Fitting an Overall Equation to the Empirical Results
The aeration efficiency results attained with the laboratory reactor were used for the calibration of Eq. ͑11͒ in which Eq. ͑18͒ was inserted to represent the permeability value. Calibration hinged round the determination of a tortuosity value that would fit best the experimental results attained with the four media types and two aeration pipe diameters. The procedure for deriving an overall tortuosity value from the results is as follows: The purpose was to find an average value for T that will allow applying a best fitting equation to the measured results. To derive an overall T value Eq. ͑11͒ was transformed into a linear equation by manipulating both sides as follows:
͑19͒
The permeability term in Eq. ͑19͒ can be expressed by Eq. ͑18͒ to yield the following expression:
Eq. ͑20͒ is a linear equation of the form Y = aX, where Y =1/E −1,X = ␦ 2 , and
Plots of 1 / E PAVB − 1 versus ␦ 2 using the measured results ͑with 16 and 20 mm aeration pipes͒ are shown in Figs. 4͑a and b͒.
From the value of the slopes in Fig. 4 the parameter "a" can be obtained and the average value of T for each of the cases can be calculated. As shown in Fig. 4 , the values of the slopes were close to each other ͑a = 25,673 for 16 mm aeration pipe and a = 23,548 for 20 mm aeration pipe͒. The value of T determined from the slopes of the linear regressions were 12.69 ͑16 mm pipe͒ and 8.48 ͑20 mm pipe͒. The average value of T is thus 10.59 and Eq. ͑11͒ becomes
where N p = 1 and p = 0.42.
Figs. 5͑a and b͒ show the empirical results versus the prediction of Eq. ͑21͒. Note that the horizontal bars attached to each of the measured points indicate the size range of the gravel media used. To run the model, only the average diameter was used. This technique, adopted for its simplicity, resulted in an unavoidable error that was larger for gravel configurations that were less ho- Fig. 4 . 1/E PAVB − 1 versus ␦ 2 plotted using ͑a͒ measured results ͑20 mm aeration pipe, Eϭaeration efficiency and ␦ϭmean particle size͒; ͑b͒ measured results ͑16 mm aeration pipe͒ mogeneous. Application of the average tortousity value helped in minimizing the error and compensating for the heterogeneous nature of the media.
From the results shown in Figs. 5͑a and b͒ the major effect of the size of the aeration pipe is apparent. A 20 mm aeration pipe may be considered slightly large relative to the experimental rector size ͑a cross-section area ratio of 1-50.4͒. In a typical 100 m 2 vertical bed module this would translate into a pipe with a diameter of 2 m. The alternative is to a use a smaller diameter aeration pipe that is somewhat less costly, but will unavoidably result in lower aeration efficiency. Using a 16 mm aeration pipe in the experimental unit, for example, one gets a ratio of 1-78.8 between the pipe cross-section area and the reactor surface area. In a 100 m 2 reactor module this translates into a 1.3 m diameter pipe, which may be considered more practical. However, comparing the results attained with a 16 mm pipe with those attained with a 20 mm aeration pipe it can be seen that when the smaller diameter pipe is used the head loss in the pipe increases dramatically and aeration efficiency decreases correspondingly. For example, the aeration efficiency measured with a 16 mm pipe and average gravel diameter of 5.2 mm was 49.5% compared with 81.9% aeration efficiency when a 20 mm aeration pipe was installed.
A note regarding the decision to use the average particle size rather than a particle distribution curve to represent the gravel size: as shown in Figs. 5͑a and b͒, despite an almost identical average particle diameter, a difference in aeration efficiency was observed between the results obtained with gravel media with an average diameter of 8.2 mm and gravel media with an average diameter of 8.7 mm. The variation was attributed to the fact that the shape of the 8.7 mm media that was used was more uniform ͑the 8.7 mm media was sieved with a 7.93-9.5 mm sieve whereas the 8.2 mm media had a larger range of between 14 and 4.75 mm͒. Consequently, it is likely that despite the slightly lower average diameter the 8.2 mm media consisted of larger pores that exhibited a lower resistance to air flow. Despite this inherent inaccuracy and for the purpose of simplicity, the average particle diameter was chosen as the parameter used for characterizing the media particles within the model.
Sensitivity of the Passive Air Pump Efficiency to the Aeration Pipe Size
To further assess the effect of the size of the aeration pipe on the efficiency of the passive air pump Eq. ͑21͒ was run with various ratio values between the reactor surface area and the aeration pipe surface area. The ratio between the cross-section areas was used in this example instead of the value of the diameter of the aeration pipe to yield a more general value that could be extrapolated to any reactor size. The results are shown in Fig. 6 . As expected, an increase in the ratio caused an increase in the resistance to air flow through the aeration pipe, resulting in a decrease in the passive air pump efficiency, and vice versa. More specifically, between a ratio of 20:1 and a ratio of 60:1 the aeration efficiency decreased by approximately 1.6 times. Another example: for an average particle size of 6 mm, the aeration efficiency at a ratio of 20 to 1 is 92% whereas an efficiency of only 32% is attained when the ratio is 100 to 1. Fig. 6 emphasizes the significance of selecting the appropriate diameter for the aeration pipe.
The result depicted in Fig. 6 can be used to define the minimal practical ratio between reactor size and the aeration pipe crosssectional area ͑i.e., the appropriate pipe diameter for a given reactor geometry͒, a ratio that is imperative for proper operation of a PAVB system. According to Fig. 6 , and assuming that a minimal efficiency of 60% is desired, the ratio between the reactor and the aeration pipe cross-section areas when 8 mm media is used should be Ͻ42. For average gravel size of 6 mm the ratio should be Ͻ56, and for 4 mm average gravel it should be Ͻ84. These ratios are equivalent to an aeration pipe diameter of 1.74 m, 1.51, and 1.21 m in a 100 m 2 vertical bed module, respectively.
Comparing the Model Results with Results of a Pilot System
Lahav et al. ͑2001͒ operated a PAVB system used for NH 4 + removal from secondary effluents. The system consisted of a reactor of 1.80 m in height, with an internal diameter of 0.6 m and a total volume of 500 L. The bed comprised of two gravel layers: A coarse gravel layer ͑diameter: 20-30 mm͒ at the bottom 40 cm of the bed and a fine gravel upper layer which consisted 78% of the reactor's volume. Information regarding the three types of upper media used in the experiments is given in Table 3 . 1 in. aeration pipe ͑internal diameterϭ21 mm͒ traversed the middle of the unit to connect the coarse gravel layer with the atmosphere. Level switches and electrical valves controlled the PAVB cycles. The influent water was evenly distributed at the top of the bed by four inlet pipes ͑Lahav et al. 2001͒. Simulative water was used with the 0.96 mm media and municipal wastewater secondary effluents for the other two types of media used. Both the simulative and secondary effluents contained an ammonium concentration of around 35 mg NH 4 -N/L.
The PAVB can supply approximately 9 mmol O2 / L of effluent drained ͑Green et al. 1998͒. Every mol of ammonia removed in the nitrification process consumes 1.86 mol O. Consequently, the total amount of oxygen that can be supplied ͑assuming 100% efficiency͒ by the passive air pump should be sufficient for biological oxidation of 65.7 mg/ L ammonia. Fig. 7 , shows that the flux of oxygen that was utilized in the reactor for NH 4 + oxidation ͑when the bed comprised of 1.41 and 3.32 mm average gravel diameters͒ was almost identical to the flux of oxygen that was supplied to the reactor by the passive pump, as predicted by Eq. ͑21͒. When larger gravel was used ͑average diameterϭ6.09 mm͒ the amount of oxygen predicted by the model was lower than the amount of oxygen that was actually utilized by the bacteria. This difference was hypothesized to result from diffusion of oxygen from the upper surface area of the bed, which was more significant with the larger size gravel than with the smaller gravel media. In percentage terms the effect of oxygen diffusion was more pronounced because of the low efficiency of the passive air pump at these conditions. It should be noted that the oxygen transfer efficiency, as represented by the amount of oxygen utilized by the bacteria for ammonia oxidation, includes also the efficiency of oxygen transfer from the gas phase to the aqueous phase. However, the data used from Lahav et al. ͑2001͒ were the removal rates attained in the low hydraulic loads, where it could be safely assumed that gas transfer was not the ratelimiting process.
Model Limitations
The concept presented in the paper, despite being robust, has a few limitations, mostly related to the calibration technique. As already stated, for the sake of simplicity, the average diameter of the upper media gravel was adopted in the model to represent the size of the gravel. In reality this value does not necessarily represent the effective pore size, and further, two gravel media can have an identical average particle diameter, but a totally different particle size distribution. Second, the model was calibrated under the conditions of one aeration pipe only, whereas in reality more aeration pipes may be installed. In such a case a new calibration would be required. Another problem may be related to local head losses that might develop in the aeration pipe in a commercial system. Such losses are not accounted for in the model. A further possible inaccuracy may stem from the fact that the model was calibrated using "virgin" gravel. If the pores of the gravel become clogged with time, the resistance to air flow through the gravel will increase, raising the aeration efficiency beyond model prediction. However, despite these shortcomings, and as shown by the accurate prediction of the aeration efficiency attained in the pilot plant operation, the model is capable of providing a reliable prediction of the mass of air that would enter the bottom of the vertical bed, which can be directly translated into the maximal expected biological oxidation rate.
Summary and Conclusions
A model aimed at calculating the aeration efficiency of a passively aerated biological vertical bed unit was developed, calibrated and verified. The model allows a simple and accurate prediction of the mass of usable oxygen that would enter the reactor via convection, providing a good estimation of the maximal pollutant load that can be biologically oxidized in the bed. To attain aeration efficiency higher than 60% with a gravel size ranging between 4 mm and 8 mm, the ratio between the reactor and the aeration pipe cross section areas should be practically between 42 and 84. This means that in a typical 100 m 2 vertical bed module the aeration pipe diameter should be in the order of 1.5 m, which appears to be a feasible size.
Notation
The following symbols are used in this paper:
A ϭ vertical bed cross-sectional area; A p ϭ aeration pipe cross-sectional area; D p ϭ diameter of aeration pipes; D r ϭ vertical bed diameter; dP / dz ϭ gradient of pressure on the porous media; E PAVB ϭ passive air pump efficiency; K ϭ media permeability; N P ϭ number of aeration pipes; n ϭ number of capillaries in a 1 m 2 vertical bed cross-sectional area; p ϭ medium porosity; Q ϭ air flow rate; Q d ϭ air flow rate through the upper media; Q inf ϭ water influent flow rate into the reactor; Q P ϭ air flow rate via the aeration pipe; Q w ϭ draw phase average water flow rate; q d ϭ one-dimension flux of air through the porous media; q p ϭ one-dimension flux of air through the aeration pipe; T ϭ tortuosity; ␦ ϭ average media particle diameter; and ϭ dynamic viscosity.
